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Introduction
Apomixis is a mode of asexual reproduction through seeds in which plants produce offspring that are genetically identical to the female parent (Asker & Jerling, 1992) . In apomixis, a non-reduced cell undergoes developmental pathways different from those of sexual cells. The multiple trajectories are classified as sporophytic or gametophytic according to the developmental origin of the cell from which the embryo is derived (Nogler, 1984; Koltunow, 1993; Conner et al., 2008) . In sporophytes, the embryo develops from a somatic cell of the ovule through numerous mitotic divisions. In gametophytic apomixis, a chromosomally unreduced embryo sac can be formed either from the megaspore mother cell (diplospory) or from a nearby nucellar cell (apospory) without fertilization (parthenogenesis) through a process termed apomeiosis. Endosperm formation is required to produce a viable seed (Conner et al., 2013 (Conner et al., , 2015 . Apomixis is widely distributed among angiosperms, among which Poaceae represents the group with the largest number of apomictic genera, with the 47 apomictic species of Paspalum standing out in particular (Carman, 1997; Ortiz et al., 2013; Hojsgaard et al., 2014) .
The polyploid nature of all apomicts provides a challenge for genetic and genomic analysis (Ozias-Akins, 2006) . Polyploidization is known to cause immediate and extensive genomic changes, including sequence rearrangements and/or elimination, changes in DNA methylation, recombination between homologous chromosomes, and the loss of balance in gene expression (Adams & Wendel, 2005; Cervigni et al., 2008) . Apomixis is frequently correlated with polyploidy and might have arisen through deregulation of the sexual developmental pathway due to the increase in number of genomic complements by a mechanism that could contain both genetic and epigenetic components (Spillane et al., 2004; Polegri et al., 2010; Calderini et al., 2011; Selva et al., 2012) .
The genus Paspalum exhibits numerous characteristics that make it both unique and a very interesting system for the study of apomixis (Ortiz et al., 2013) , especially Paspalum notatum Flüggé, also known as bahiagrass. This species is considered an agamic complex that includes different ploidy levels and reproductive modes in which diploid cytotypes (2n=2×=20) are sexual and self-incompatible, while polyploids (3×, 4×, 5×, and 6×) are selfcompatible pseudogamous apomicts (Burton, 1948) . No 4× sexual cytotypes have been found in nature, but they have been obtained artificially (Martínez et al., 2001; Quarin et al., 2003) .
The inheritance of apomixis in Paspalum is controlled by a single complex dominant locus that confers apospory, i.e., epigenetically controlled parthenogenesis (Podio et al., 2014a) , with the capacity to form endosperm with a maternal excess genome contribution ratio of 4 4 (maternal):1 (paternal) (Ortiz et al., 2013) . The apomixis-controlling region (ACR) is small compared with other apomictic systems (Ortiz et al., 2013) , does not demonstrate recombination and conserves a relatively narrow region that is linked to apomixis among the different species (Pupilli et al., 2004; Hojsgaard et al., 2011) . Comparative mapping of the ACR has shown synteny with a portion of the long arm of chromosome 12 of rice in P.
simplex, P. malacophyllum and P. procurrens (Pupilli et al., 2001 (Pupilli et al., , 2004 Hojsgaard et al., 2011) , while this region in P. notatum shows synteny with regions of rice chromosomes 2 and 12, suggesting chromosomal rearrangements (Martínez et al., 2003; Pupilli et al., 2004; Stein et al., 2007; Podio et al., 2012) .
Apomixis presents potential significance for agriculture, allowing the maintenance of heterosis in hybrid progeny; thus, this mode of reproduction has become the subject of exhaustive cytoembryological, cytogenetic and molecular analyses (Ozias-Akins, 2006; Stein et al., 2007) . The discovery of key genes associated with the components of apomixis and the isolation of some sequence candidates has led to the understanding of some of the functions and processes involved in apomixis (Pessino et al., 2001; Rodrigues et al., 2003; Albertini et al., 2004; Calderini et al., 2006; Cervigni et al., 2008; Laspina et al., 2008; Sharbel et al., 2009; Yamada-Akiyama et al., 2009; Polegri et al., 2010; Sharbel et al., 2010; Felitti et al., 2011; Okada et al., 2013; Siena et al., 2014; Podio et al., 2014b; Conner et al., 2015; Siena et al., 2016; Ortiz et al., 2017; Bocchini et al., 2018) . However, insights into the complete genetic mechanisms underlying asexual reproduction in natural apomicts are needed to verify whether candidate genes isolated from several species can be applied to develop a stable and universal apomixis system (Siena et al., 2016) . In turn, given the complexity of this trait, an understanding of the genomic structure of the apomictic locus is likely to be an essential prerequisite for manipulation of the sexual pathway in model plants or economically important crops (Calderini et al., 2011) . However, the suppression of recombination events around the ACR limits direct genetic strategies to isolate the mechanism triggering apospory (Laspina et al., 2008) . In this context, reverse genetics approaches have garnered extreme interest in the study of apomixis both to identify and validate genes that are differentially expressed in apomicts and to conduct more meticulous investigations aiming to detect their positions and functions (Laspina et al., 2008; Ortiz et al., 2017) .
RNA sequencing (RNA-seq) is the most effective method of predicting new transcripts and differentially expressed genes, providing enhanced sensitivity for identifying gene expression patterns in different tissues or at different developmental stages (Huang et al., 2017; Liang et al., 2017) . In contrast, considering the large amount of data generated from 5 RNA-seq, new approaches that efficiently extract meaningful associations from highly multivariate datasets are needed (Miao et al., 2016) . The construction of coexpression networks from gene expression data using pairwise correlation metrics provides us with valuable information on alterations in biological systems in response to differential gene expression patterns (de la Fuente, 2010; Gov & Arga, 2016; Miao et al., 2016) .
Therefore, the objective of this study was to use RNA-seq technology to comprehensively analyze the gene expression profiles of the leaves and florets of apomictic and sexual genotypes with different ploidy levels in P. notatum. Our study revealed several differentially expressed genes among the analyzed genotypes, and coexpression network analysis and Gene Ontology (GO) annotation allowed us to investigate the main biological processes of candidate genes potentially linked to the ACR, which may be used to further explore and clarify the mechanisms regulating apomixis in this important forage species.
Materials and methods

Plant materials and RNA extraction
The six accessions of P. notatum used in this study belong to the Germplasm Bank of Paspalum, maintained by Embrapa Pecuária Sudeste, São Carlos, SP, Brazil (22° 01'S and 47°54' W; 856 m above sea level). The accessions were chosen by considering their origins (different ecotypes), genetic dissimilarity (Cidade et al., 2013) and ploidy levels and reproduction modes (Table 1) . Tetraploid P. notatum is apomictic, while the diploid is sexual.
The Q3664 (BGP 216) accession is a hybrid from a cross between a sexual colchicineinduced tetraploid (PT-2) and a white-stigma apomictic tetraploid of P. notatum (Forbes & Burton, 1961) . The Q3664 is characterized as a facultative apomictic accession with a high level of sexuality (> 70%) (Quarin et al., 1984) .
For this study, five clones of each accession were planted in pots of eight liters each with a 1:1 soil/vermiculite mix and maintained in a greenhouse under the same conditions. The climate is humid subtropical (Koppen), with annual average low and high temperatures of 15.3 and 27.0°C, respectively, and total rainfall of 1,422.8 mm, occurring mainly during the spring and summer seasons (CEPAGRI, 2010) .
In the summer season in Brazil (December), leaf samples from three biological replicates of each accession were collected. One clone each of the accessions BGP34 (apomictic tetraploid) and BGP22 (sexual diploid) presented just-emerged inflorescences, which were also collected. All leaf and floret samples were immediately placed in liquid 6 nitrogen and subsequently stored at -80°C until RNA extraction. Total RNA was isolated according to Oliveira et al. (2015) . RNA integrity was assessed in a 1% agarose denaturing gel and quantified using a NanoVue Plus spectrophotometer (GE Healthcare Life Sciences, Little Chalfont, UK).
Cytoembryological analysis
The mode of reproduction of the plants was confirmed using the embryo sac clarification method proposed by Young et al. (1979) , with minor modifications.
Inflorescences at anthesis were collected and fixed in FAA (95% ethanol, glacial acetic acid, distilled water, formalin 40%, 40:13:3:3 v/v) for 24 h. Afterward, the FAA was replaced with 70% ethanol and the samples were stored at 4°C. The embryo sacs were extracted by dissection under a stereoscopic microscope and stored in 70% ethanol. The embryo sacs were clarified by replacing 70% alcohol with the following series of solutions: 85% ethanol; absolute ethanol; ethanol:methyl salicylate (1:1); ethanol:methyl salicylate (1:3); 100% methyl salicylate (two times). The samples remained in each solution for 24 h. Observations were carried out with an Axiophot microscope (Carl Zeiss, Jena, Germany) using the differential interference contrast (DIC) microscopy technique. A total of 100 embryo sacs per accession were evaluated.
Flow cytometry
Flow cytometry analyses were performed to confirm the exact ploidy level of each experimental plant and compare it to the literature data on chromosome counts.
Approximately 5 mg of young leaf tissue from each plant was used (Table 1 ). The same amount of leaf tissue was used for Pisum sativum cv. Ctirad (2C=9.09 pg), which served as an internal standard (Dolezel et al., 1992; Greilhuber et al., 2007 in 75% of all reads) and reads with fewer than 60 bases were removed. Subsequently, the remaining reads were trimmed at the 3' end, and bases with Phred scores < 20 were removed.
All reads were deposited in the NCBI Short Read Archive (SRA) under accession number SRP150615.
Transcriptome assembly
A de novo assembly of the filtered sequences was carried out using the Trinity program v2.0.2 (Grabherr et al., 2011) using default settings to obtain a representative dataset for the P. notatum transcriptome from florets and leaves. After assembly, the unigenes were filtered using criteria to retain the first Butterfly transcript generated per Chrysalis component, which is considered representative. To assess the integrity of the assembled transcriptomes, the HQ short reads were mapped back into the transcript dataset using the Bowtie2 sequence aligner v2.2.5 (Langmead et al., 2009) . Benchmarking Universal Single-Copy Orthologs (BUSCO), a recognized benchmark approach to single-copy orthologs providing an assessment of orthologs conserved among species (Simão et al., 2015) , was used to estimate the completeness of our transcriptome assembly based on the presence, absence, duplication, and/or fragmentation of conserved plant genes.
Gene annotation and analysis
All unigenes were aligned against the NCBI non-redundant protein (Nr) database UniProtKB/Swiss-Prot and the grass protein database from Phytozome v9.0, using the BLASTX algorithm with an e-value cutoff of 1e-06. GO (Ashburner et al., 2000) terms were retrieved for the sequences that were functionally annotated in the NCBI Nr database using Blast2GO software (Conesa et al., 2005) . The GO terms were mapped to each annotated transcript based on the hits with highest sequence similarities, and the genes were distributed among distinct functional categories. We used REVIGO (Supek et al., 2011) to summarize and visualize the GO terms. Pathways were assigned according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa & Goto, 2000) .
Expression level estimates
The expression levels of the unigenes were calculated via the FPKM method (expected number of fragments per kilobase of transcript sequence per million base pairs sequenced) using Bowtie v2-2.1.0 by RSEM software (RNA-seq by expectation maximization) (Li & Dewey, 2011) . Using the assembled unigenes as a reference transcriptome, the clean raw reads from each library were separately realigned to the assembled transcriptome. A Venn diagram of the genes was created with the online platform available at http://bioinformatics.psb.ugent.be/webtools/Venn/. Principal component analysis (PCA) was used to identify the expression patterns among the genotypes in RNA-seq to highlight their similarities and differences.
Differential expression analysis
EBSeq (Leng et al., 2013) was used to identify differentially expressed genes (DEGs) in the counts matrix, and a false discovery rate (FDR) ≤ 0.05 was applied to extract all genes that were significantly expressed. Transcripts with a log2 fold change (FC) ≥ 1.5 in transcript abundance were regarded as overexpressed. GO enrichment analysis was carried out using R software (version 3.3.1) and the package 'goseq' in version 1.24.0 of Bioconductor (Young et al., 2010) . The p-values were subjected to Bonferroni correction, considering a corrected pvalue ≤ 0.05 as enriched. The results were visualized with REVIGO (Supek et al., 2011) .
The accessions were grouped according to their biological conditions as sexual diploids (2×SEX), sexual tetraploids (4×SEX) and apomictic tetraploids (4×APO). The DEGs were identified in two stages. In the first step, the objective was to select a list of equally expressed genes among the different genotypes that shared the same biological condition.
Thus, EBSeq was used to estimate the probabilities of gene expression between the pairwise genotypes, sexual diploids (accessions: BGP22 and BGP306), and apomictic tetraploids (accessions: BGP30, BGP34 and BGP115). The genes that presented PPEE ≥ 0.05 (posterior probability gene/transcript is equally expressed) were maintained for the second stage of the analysis, which consisted of DEG analysis between two biological groups, such as a) 2×SEX vs 4×APO; b) 2×SEX vs 4×SEX; and c) 4×APO vs 4×SEX. For these comparisons, only firststage genes that had detectable expression in the three biological groups were used.
Quantitative real-time PCR (qRT-PCR) validation
To verify the reliability and accuracy of our transcriptome data, 18 DEGs were randomly selected. P. notatum has no reference genes described in the literature; thus, eight unigenes that displayed similar expression patterns based on FPKM were selected for evaluation as reference genes. Primer sets were designed using Primer3Plus software (Untergasser et al., 2007) . All the primer pairs were initially evaluated by PCR using genomic DNA as a template from the same genotypes used in RNA-seq. Only those that amplified the DNA of all genotypes and showed an amplification efficiency of 90-110% (R 2 > 0.99) in qRT-PCR were used for expression analysis.
Total RNA (500 ng) was used for cDNA synthesis using the QuantiTect Reverse Transcription Kit (Qiagen Inc., Chatsworth, CA, USA). qRT-PCR was performed using a CFX384 Real-Time PCR Detection System with iTaq Universal SYBR Green Supermix (BioRad Laboratories Inc., Hercules, CA, USA) according to the manufacturer's instructions. The reaction conditions were 95°C for 10 min and then 40 cycles of 95°C for 30 s and 60°C for 1 min. All experiments were performed in triplicate, and no-template controls were included.
The presence of single amplicons in the PCR products was confirmed by a melting curve analysis. The baseline and Cq values were automatically determined, and the expression analysis (ΔΔCt method) was performed using CFX Manager 2.1 software (Bio-Rad Laboratories, Inc., USA). Reference genes were selected according to the gene expression stability values (M < 0.5) and coefficients of variance (CV < 0.25) among the samples. A Mann-Whitney U-test was performed to estimate statistical significance.
Search for potential apomixis genes
To perform a detailed comparative analysis of P. notatum unigenes from this study with their syntenic counterparts on rice chromosomes that are conservatively linked to apomixis in Paspalum species (Ortiz et al., 2013) , we aligned our unigenes against the rice transcripts with the BLASTN tool and isolated those that presented homology onto genes in the highlighted area of rice chromosomes 2 and 12. Then, we selected only the P. notatum unigenes contained in the ACR, which were delimited by a set of molecular markers that were completely linked to the apospory locus in this species. Thus, the region encompassed the C1069 and C996 markers for rice chromosome 12 and between C560 and C932 markers for chromosome 2 (Labombarda et al., 2002; Martínez et al., 2003; Pupilli et al., 2004; Stein et al., 2007; Podio et al., 2012; Ortiz et al., 2013) . We also compared our transcriptome with sequences reported for the genus Paspalum, potentially associated with apomixis. The sequences were used as queries for nucleotide BLAST search against the 114,306 unigenes,
with an e-value cutoff of 1e-05.
Construction of coexpression networks
To create the Pearson-based coexpression networks, we used the expression values in FPKM of assembled unigenes from floret and leaf tissues. Genes showing null values for most of the replicates were excluded to reduce noise and eliminate residuals in the analysis.
We then calculated an all-versus-all coexpression network matrix using a Pearson correlation coefficient cutoff of ≥ 0.8. The highest reciprocal rank (HRR) method proposed by Mutwil et al. (2010) was used to select only the strongest edges, considering an HRR limit of 30. The
Heuristic Cluster Chiseling Algorithm (HCCA) was applied to partition the networks into manageable clusters, with three-step node vicinity networks (NVN) (Mutwil et al., 2010) . The interactive coexpression network was visualized using Cytoscape 3.4.0 software (Shannon, 2003) .
Results
DNA content and mode of reproduction
The cytoembryological analysis confirmed the expected mode of reproduction of the accessions based on the literature (Tables 1 and 2 ). The 2C DNA content of all plants from accessions BGP_22 and BGP_306 was half the 2C DNA content from all plants from BGP_30, BGP_34, BGP_115, and BGP_216. Therefore, all evaluated plants had DNA contents compatible with the described ploidy levels of their respective accessions in the literature (Tables 1 and 2) .
RNA-seq analysis and de novo assembly
After removing the adaptors and the low-quality and contaminated reads, 313,198,097
HQ clean paired-ends reads from floret and leaf tissues were obtained and used to construct a P. notatum reference transcriptome. A total of 203,808 transcripts were assembled, of which a set of 114,306 non-redundant sequences were filtered as unigenes (56.08% of all transcripts) ( (18.88%) unigenes that were longer than 1 kb, a size range that commonly confers a high annotation rate. Finally, more than half of the total annotated unigenes were > 500 bp in length (Fig. S1 ).
The Bowtie aligner mapped 94.39% of the reads onto the assembled transcripts. When compared within the selected unigenes, 73.78% of the reads were remapped. Of these, 82.97% and 83.48% of the sequencing reads from sexual and apomictic samples, respectively, were similarly represented in the final assembly. The BUSCO analysis included 956 conserved single-copy plant orthologs; the P. notatum transcriptome showed high assembly completeness, with 664 (69%) complete sequences (532 as a single copy and 132 as multiple copies) and 169 (17%) gene fragments. One hundred and twenty-three (12%) BUSCO plant genes were not identified among the unigenes of P. notatum.
Gene function analysis
Unigene annotation was performed using the BLAST algorithm against several 
Expression levels of genes and identification of DEGs
The HQ clean reads were realigned against the 114,306 unigenes of the reference transcriptome to estimate the expression level of the unigenes in each genotype. Most identified genes had expression levels of FPKM ≤ 100 (110,621 unigenes), whereas only 49 unigenes had high expression levels (FPKM ≥ 400). The remaining unigenes were not mapped and thus, their expression levels could not be determined. A comparison of the 110,656 unigenes that showed different levels of expression in the two tissues of the studied samples revealed genes that were expressed in the genotypes of only one biological group and that were not expressed in the others (Fig. 1 ), which were considered "unique" genes. Thus, 19,304 unique unigenes were found for the 4×APO group, 2,173 for the 2×SEX group, and 217 for the 4×SEX group. All the unigenes expressed in the floret tissues were also contained in the transcriptome profile of leaf; no unique genes were found in the floret samples for either diploid sexual or tetraploid apomictic samples (Fig. 1) .
To compare the differences among all three phenotypic groups, we chose to use only the unigenes with FPKM values from leaf samples because they contained all the unigenes representative of the transcriptome assembly and had three biological replicates for each genotype, maximizing the accuracy and reliability of the differential gene expression analysis.
However, within the same biological group, different expression patterns were observed among genotypes, mainly in group 4×APO (Fig. S2) . Thus, to reduce the effects of the differences in expression caused by genotype, we performed a two-step analysis. In the first stage, we identified 72,318 unigenes that were equally expressed among all genotypes of the apomictic tetraploid group and 47,069 equally expressed unigenes in the sexual diploid group.
This initial analysis was not necessary for the sexual tetraploid because only one genotype was analyzed. From these, we selected 28,969 unigenes that were common to all three biological groups.
Pairwise comparisons of 28,969 unigenes allowed the identification of 2,072 DEGs 13 between 2×SEX and 4×APO, which included 772 and 1,173 overexpressed unigenes, respectively. There were 1,173 DEGs between 2×SEX and 4×SEX, including 308 and 798 overexpressed unigenes, respectively, and 1,317 genes were identified as DEGs between 4×APO and 4×SEX, 618 and 661 of which were overexpressed, respectively. Next, we inferred the enriched functions for the identified DEGs that were over-or underexpressed (Fig. S5, S6 and S7 ). Among the identified DEGs, we isolated a set of 510 unigenes that were consistently differentially expressed between the apomictic and sexual groups independent of ploidy level (diploid or tetraploid) (Fig. 2) . These unigenes correspond to potential genes related to the reproductive modes, sexual and apomictic, found in this species. We identified the enriched GO terms of these unigenes, which belonged to 26 biological processes (BP), 13 molecular functions (MF), and three cellular components (CC).
Among the BP enriched in this set, we can emphasize "positive regulation of miRNA 
qRT-PCR validation
We confirmed a subset of the DEGs between the apomictic and the sexual groups using qRT-PCR. Of the genes selected for testing as a reference, five were successfully amplified and matched the parameters (Table S1 ). We used one of these primer pairs as a reference for qRT-PCR for the groups 2×SEX x 4×APO (01RefGen-Pnot) and 4×APO x 4×SEX (04RefGen-Pnot).
Among the 18 primer pairs, two were not evaluated for qRT-PCR but showed interesting results in terms of DNA amplification. The first was designed from a unigene that was unique to the apomicts according to the RNA-seq results (i.e., showing a zero expression value in the sexual (diploid/tetraploid) genotypes and amplifying apomictic DNA). For the 14 second, although DNA amplification occurred in all groups, when cDNA gel amplification was observed, only the apomictic genotypes presented amplicons. The expression level determined through RNA-seq analysis of the same genotypes was very low in 2×SEX. These results suggest that these unigenes, which are expressed only in certain cytotypes, may be exclusive to the genomes of these groups and otherwise poorly expressed or silenced. Eight primer pairs were then used for qRT-PCR (Table S2) for validation ( Fig. S3 and S4 ). The qRT-PCR analyses revealed consistent expression trends with those identified through RNAseq.
Detailed search for potential apomixis genes
Overall, 1,612 unigenes that were potentially integrated into the ACR were revealed.
Of these, 1,356 unigenes corresponded to rice chromosome 2 and 256 corresponded to the chromosome 12 region. Curiously, 40 of these unigenes were part of the set identified as unique to apomicts, 9 were unique to sexual diploids, and 6 were unique to sexual tetraploids.
Moreover, considering the analysis of differential expression, 16 unigenes were differentially expressed in 2×SEX vs 4×APO, 20 in 4×APO vs 4×SEX, and 17 in 2×SEX vs 4×SEX. All these findings, especially this set of 108 unique or differentially expressed unigenes, represent a valuable set of genes that can be carefully investigated to determine whether they are effectively genetically linked to the ACR in the species.
The BLAST results in Table S10 show the similarity of the unigenes to Paspalum sequences from the literature, revealing that our transcriptome contains genes already found to be involved in asexual reproductive development in Paspalum.
Network gene expression
We obtained 879,481 coexpressed connections among 53,262 unigenes (Fig. 3) . The genes were grouped into 642 clusters according to coexpression pattern. In the network, the unique unigenes from each biological group tended to form coexpression modules ( Fig. 3b-d ).
Despite this division, the relevant biological relationships of these genes with the other genes can be recovered to integrate the network.
We identified a direct correlation of the 108 DE and/or unique putative ACR unigenes with their nearest neighbors in the gene expression network. Thus, we retrieved a small network composed of 536 strongly correlated unigenes (Fig. 4) , allowing the identification of GO enriched terms for these genes. We observed the participation of these unigenes in 43 BP, 31 MF, and 17 CC. The enriched BP terms (Fig. 5) demonstrate that the overall gene network is transcriptionally directed toward reproductive BP, such as "male gamete generation (GO: 0048232)"; "sister chromatid segregation (GO: 0000819)"; "meiosis I (GO: 0007127)"; "resolution of meiotic recombination intermediates (GO: 0000712)"; "regulation of cytokinesis (GO: 0032465)"; "mitotic cytokinesis (GO: 0000281)"; "spindle assembly (GO:
0051225)"; "mitotic spindle organization (GO: 0007052)"; and "mitotic DNA integrity checkpoint (GO: 0044774)". At the same time, the network links enriched epigenetic processes such as "macromolecule methylation (GO: 0043414)"; "histone-serine phosphorylation (GO: 0035404)"; "regulation of protein phosphatase type 2A activity (GO: 0034047)"; and "negative regulation of MAP kinase activity (GO: 0043407)".
Discussion
We constructed a P. notatum reference transcriptome using next-generation sequencing approaches to investigate the gene expression changes associated with apomictic and sexual reproduction. RNA-seq analysis identified 114,306 unigenes based on two tissues (florets and leaves) from six genotypes with different ploidy levels and reproductive modes.
Robust metrics indicated that the transcriptome was a quality assembly with a high degree of integrity, which further expands the bahiagrass transcriptome database.
GO analysis showed that the unigenes could be grouped into 4,614 known terms, which were used herein as the main biological GO classifications and ensured the integrity of the functional analyses of the apomixis candidate genes. Various unique GO terms were enriched at different time points. Based on 508 DEGs between apomictic and sexual plants, the analysis of enriched GO terms suggests that DEGs between plants with distinct reproductive modes are related to the regulation of gene expression by epigenetic silencing in apomictic bahiagrass. This result is consistent with the growing body of evidence that suggests that apomixis arises from deregulation of the sexual pathway, where epigenetic mechanisms play a significant role in at least some elements of apomictic development (Calderini et al., 2011; Ortiz et al., 2013; Brukhin, 2017) . The differential expression analysis strategy carried out herein, aiming both to remove genes with expression that may be related to the effect of genotype and to isolate a set of genes that are commonly expressed by all genotypes presenting the same biological condition, allowed us to identify DEGs that are representative of the mode of reproduction and free of much of the influence of ploidy and genotype. These DEGs represent a strong set of candidate genes that, along with the 19,304 unique unigenes for apomixis, certainly merit further investigation.
In apospory, gene expression occurs at specific stages of apomictic development such as apomeiosis, parthenogenesis, and autonomous endosperm development; increased or decreased expression of some genes due to these specific stages may hinder the analysis of differential expression between sexual and apomictic genotypes (Ortiz et al., 2013 (Ortiz et al., , 2017 .
However, we believe that the identification of DEGs as performed herein, using only genes with expression among all genotypes of all biological groups and including our other modifications, may have minimized this influence. In addition, this method may explain the large number of identified "unique" genes. Gene expression observed exclusively in apomicts, for example, may be the result of the occurrence of heterochromatic expression or expression at particular stages of development or in specific cells.
In addition, since functionally related genes tend to be transcriptionally coordinated (Stuart et al., 2003; Persson et al., 2005) , the construction of the gene expression network performed here provides a powerful resource, allowing us to identify genes that are coexpressed with the unique and DE genes and thus recover BP and closely related pathways.
The 536-unigene network presented in this work is an example of how we can recover the relevant biological relationships of genes of interest using the whole transcriptome. By starting on a smaller scale with the DEGs and/or unique genes and integrating the information by adding their nearest neighbors, we can obtain a broader view of the processes related to the candidate genes. The genes in the smallest network are transcriptionally directed toward reproductive processes and the regulation of epigenetic changes by modulating histones. In particular, MAP kinase activity is negatively regulated. The mitogen-activated protein 3-kinase (MAP3K) gene family has been identified as differentially expressed in the apomictic and sexual flowers of P. notatum (Laspina et al., 2008) and in the flowers of P. simplex (Polegri et al., 2010) , where it might have a role in parthenogenetic development of the embryo in both species (Ortiz et al., 2013) .
The DEGs and unique unigenes used to form the smallest network are those that are possibly integrated into the ACR. The size of the ACR in Paspalum is relatively small compared with other apomictic systems (Ortiz et al., 2013) , but the lack of recombination makes it difficult to study this region by map-based cloning (Laspina et al., 2008) . Thus, the discovery of DEGs that are potentially located in this region is extremely valuable to our attempts to understand the complex functional network of gene-gene communication. These
DEGs could also be used for future manipulation of the apomixis trait, which has outstanding importance in agricultural biotechnology. Increases in cattle production in tropical, subtropical, and temperate areas have been achieved due to the use of apomictic forage grass cultivars (Ortiz et al., 2013) .
Apomixis is simultaneously intriguing and complex to elucidate, providing an inspiring area of research. In the genus Paspalum, the first approach to understanding the molecular nature of apomixis was applied by Pessino et al. (2001) . This approach led to the identification of a few sequences that are highly expressed during early megagametophyte development in apomictic plants through differential display experiments in the inflorescences of sexual and aposporous P. notatum. Here, we recovered all three of those reported sequences as a single representative unigene (Table S10 ) annotated as kinesin motor expressed, involved in the biological process of microtubule-based movement. A kinesin motor protein has also been reported by other authors as differentially expressed between apomictic and sexual plants (Albertini et al., 2004 (Albertini et al., , 2005 Laspina et al., 2008) . Interestingly, our unigene was also identified as differentially expressed in the transcriptome data.
Since then, several other candidate genes have been reported using P. notatum and P.
simplex species (Pessino et al., 2001; Calderini et al., 2006; Laspina et al., 2008; Polegri et al., 2010) and more recently, the first approach using RNA-seq was published for bahiagrass based on expression profiling of apomictic and sexual plant flowers (Ortiz et al., 2017) . Some of these candidate genes have been investigated in more detail (Felitti et al., 2011; Siena et al., 2014 Siena et al., , 2016 Podio et al., 2014b) . However, many questions remain, and further research is needed to define the relationships between the structure, the position, and the function of the known apomixis-linked genes (Ortiz et al., 2013) . Furthermore, we recovered some of the previously published sequences in our P. notatum transcriptome.
One of these candidate genes is n20gap-1, a lorelei-like P. notatum gene (Laspina et al., 2008; Felitti et al., 2011) encoding a GPI-anchored protein that supposedly plays a role in the final stages of the apomixis developmental cascade. Laspina et al. (2008) previously reported this sequence as linked to the chromosomal locus governing apospory at a genetic distance of 22 cM. Here, one of these unigenes was in the identified set of unigenes potentially integrated into the ACR, corresponding to rice chromosome 2. Additionally, we found some unigenes, including some that were differentially expressed, that aligned with the P. notatum sequences characterized by Podio et al. (2014b) et al., 2014b) . We also identified unigenes that showed similarity to other interesting candidate genes related to apospory, such as the PnTgs1-like gene that encodes a trimethylguanosine synthase-like protein, which plays a fundamental role in nucellar cell fate, as its diminished expression is correlated with initiation of the apomictic pathway in plants (Siena et al., 2014) . Additionally, two unigenes were similar to the sequence of PsORC3, which seems to play an active role in mechanisms repressing sexuality in apomictic P. simplex, acting in the development of apomictic seeds, which deviate from the canonical 2 (maternal):1 (paternal) genome ratio (Siena et al., 2016) . The recovery of these candidate gene sequences demonstrates the representative and informative nature of our transcriptome.
This outcome reaffirms that high-throughput sequencing technology enhances our understanding of global RNA expression.
In this study, we applied RNA-seq technology and bioinformatics methods to identify the transcriptomic differences between apomictic and sexual reproduction. Our results reveal many DEGs, i.e., genes exclusively expressed in apomicts or sexuals, many of which are in potential association with the genomic region, including the apo locus. This set of genes may aid in the identification or validation of candidate genes, which will enable valuable insights through understanding apospory. Moreover, these genes may be considered to screen for molecular markers linked to apomixis in P. notatum, which will be crucial to boost breeding programs for apomictic forage grasses.
networks. "4×APO" (red box) and diploid sexual "2×SEX" (blue box). *P < 0.05; **P < 0.01; ***P < 0.001: statistically significant differences in gene expression between biological groups compared using the Mann-Whitney U-test. "4×APO" (red box) and tetraploid sexual "4×SEX" (green box). *P < 0.05; **P < 0.01; ***P < 0.001: statistically significant differences in gene expression between the biological groups compared using the Mann-Whitney U-test. 
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